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Summary

Cancer is one of the most important pathological conditions facing mankind in
the 21st century, and is likely to become the most important cause of
death as improvements continue in health, diet and life expectancy. The
immune response is responsible for controlling nascent cancer through immu-
nosurveillance. If tumours escape this control, they can develop into clinical
cancer. Although surgery and chemo- or radiotherapy have improved survival
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rates significantly, there is a drive to reharness immune responses to treat
disease. As T cells are one of the key immune cells in controlling cancer, research
is under way to enhance their function and improve tumour targeting. This can
be achieved by transduction with tumour-specific T cell receptor (TCR) or
chimaeric antigen receptors (CAR) to generate redirected T cells. Virus-specific
cells can also be transduced with TCR or CAR to create bi-functional T cells
with specificity for both virus and tumour. In this review we outline the
development and optimization of redirected and bi-functional T cells, and
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outline the results from current clinical trials using these cells. From this we
discuss the challenges involved in generating effective anti-tumour responses
while avoiding concomitant damage to normal tissues and organs.
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Cancer is one of the most important pathological conditions
facing mankind in the 21st century. It is second only to heart
disease as the biggest cause of mortality in the developed
world, and is likely to become the most important cause of
death as improvements continue in health, diet and life
expectancy [1]. The immune response is responsible for con-
trolling nascent cancer through immunosurveillance [2]. In
the control of cancer, both the innate and adaptive arms of the
immune system act together to co-ordinate the eradication of
the developing tumour. If these early microtumours are not
cleared completely by this concerted immune attack then a
period of uneasy equilibrium develops, which can exist for
significant periods of time [3]. Eventually the inherent genetic
instability in tumour cells leads to the development of
immune evasion mechanisms — loss of tumour-associated
antigens (TAAs) or down-regulated MHC antigen expres-
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growth factor (TGF)--mediated suppression [2,4] inter alia.

These mechanisms induce a state of immune tolerance
and inactivate tumour-specific T cells, rendering the
immune system incapable of recognizing TAAs and mount-
ing an effective immune response against them. This low
immunogenicity and subsequent induction of immune tol-
erance remains the most difficult obstacle to overcome when
establishing an effective cancer immunotherapy.

Adoptive cellular therapy (ACT) offers the hope of
manipulating the immune system to re-ignite the tolerized
immune response of the patient against the TAAs. ACT
ideally involves the administration of autologous or allo-
geneic lymphocytes which have been manipulated and
expanded ex vivo to exhibit high specificity for TAAs [5].
ACT is effective against highly metastatic and vascularized
cancers which are otherwise very difficult to treat [5]. The
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first major advance in ACT came in 1988, with the treatment
of patients with metastatic melanoma with autologous
tumour-infiltrating lymphocytes (TIL) following lym-
phodepletion, and development has continued to produce
effective therapy [5-7]. While successful in the treatment of
metastatic melanoma this method is not easily transferable
to other cancers, where TILs cannot easily be identified and
expanded [8]. By their nature, tumour-specific T cells are
often difficult to render into an effective state, and this has
pushed research to look for a genetic engineering solution to
this problem. In this review we will look at the transduction
of new specificities into T cells, the different methods that
can be employed and the evidence for the effectiveness of
this treatment.

Adding antigen-specificity — redirected-specificity
T cells

The tolerizing of the immune system to tumour antigen is a
multi-faceted problem. Tumour antigens can be cryptic,
poorly presented, of low affinity, lost or rapidly shed [2,9].
Genetically engineering antigen-specificity into T cells is a
powerful way to combat tolerance and can be achieved in a
number of ways: through TAA-specific TCR gene transfer;
introduction of a chimaeric antigen receptor (CAR) redi-
recting the T cell to recognize the tumour; and transduction
of a TAA-specific TCR or CAR into T cells which are already
directed against another specific antigen (bi-functional
T cells) [10].

TCR gene transfer

Where major histocompatibility complex (MHC)-presented
antigens have been identified, the transfer of T cell receptor
(TCR)-0 chains from a T cell with high affinity for a
defined TAA (either from rare human clones or from mice
following immunization) into a new T cell using an integrat-
ing vector creates a redirected T cell which has both an
endogenous (natural) TCR and an exogenous (introduced)
TAA specific TCR [5,11]. TCR-0 chains contain variable
(V) and constant (C) regions, which are key in the binding of
peptide-bound MHC (pMHC) on antigen-presenting cells
(APCs) [11,12]. TCR-0f transduced cells are generally
MHC-restricted and thus target an identical human leuco-
cyte antigen (HLA) phenotype TCR, although transduced
T cells have been generated which are non-MHC-restricted,
or allogeneic rather than autologous [13,14].

TCR gene transfer has been used in clinical trials for
various tumours possessing distinct TAAs. In 2006, Morgan
et al. reported full tumour regression in two of 14 patients in
the first Phase 1 clinical trial using the DMF4 TCR specific
for the melanoma TAA melanin A (MART-1) [8]. In total, 31
patients were eventually treated with objective regression of
tumour observed in four (13%) of the patients [15]. Disap-
pointingly, this level of clinical response was significantly
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lower than the 50-70% response rate observed with TIL
therapy performed by the same group [7]. More recently, five
of 11 melanoma and four of six patients with metastatic
synovial sarcoma demonstrated complete tumour regression
after treatment with T cells engrafted with a NY-ESO-1-
specific TCR [16].

In an effort to improve the efficacy of these redirected T
cells, a combination of improved vector design and TCR of
higher affinity was tested in a subsequent melanoma trial.
The improved DMF5 MART-1 TCR and a mouse gp100 TCR
each conferred an approximately 100-fold increase in sensi-
tivity to peptide concentration and displayed improved
effector function in vitro compared with the T cells bearing
the DMF4 TCR. While patients treated with these improved
T cells demonstrated an improved clinical objective response
(DMFS5: 30% response in 20 patients treated; gp100: 19%
response in 16 patients treated), this level of response still
failed to reach the levels achieved with TIL therapy [15].

Moreover, a significant degree of on-target toxicities were
observed with both TCRs in the form of skin depigmenta-
tion and rash, uveitis, mild hearing loss and ear-related diz-
ziness [15]. Depigmentation has been seen commonly in
melanoma-targeted therapies as a result of targeting of mel-
anocytes present in the skin. Melanocytic cells are present in
the eye and ear, and it is these cells that may have been
targeted by the transduced T cells. However, no toxicity of
the ear or eye was observed in patients treated with the
DMF4 TCR despite the peptide target for both DMF4 and
DME5 TCRs being the same epitope. Recent evidence has
shown that this altered pathological response may be due to
a distinct difference in the way that the two TCRs bind to the
same peptide [17]. The issue of on-target toxicity was also
evident in a small trial employing a carcino-embryonic
antigen (CEA)-specific TCR. One patient of three treated
showed objective regression of lung and liver sites of colon
cancer metastasis. However, all three patients suffered a
severe transient colitis [18].

Taken together, more than 80 patients have been treated
with T cells transduced to express TCRs, demonstrating the
proof of principle that the clinical delivery of this therapy is
possible. However, this work has been performed solely at
one site: the Surgery Branch, NCI, Washington. TCR-based
clinical trials are at the advanced planning stage in several
other centres around the world and the results of these will
be important to establish further the clinical efficacy of the
treatment and also to establish the feasibility to provide this
treatment globally.

Several issues still need to be overcome in order to
establish TCR gene transfer as an effective cancer
immunotherapy. Some of these issues include the choice
of T cells used for transfer, the transfection vector used and
the target antigen.

Identifying the most effective method of introducing
TCR-of chains into a vector (the transgene cassette) needs
to be established and several approaches have been adopted,
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Table 1. Issues with TCR gene transfer.

L. A. Marr et al.

Problems Solution

Mechanism of action

Disadvantages

Mispairing
Mispairing of introduced TCR with
endogenous TCR-0 chains may

Add cysteine residues
in the C region of
the introduced
TCR-0f chains [19]

form non-sense or potentially
autoreactive receptors [19,22]

Low CD3 affinity

Introduced TCRs need very high affinity
for pMHC due to competition with
endogenous TCR [12]

Murinization [11,12]

Low expression of introduced TCR Optimize codons of

TCR genes [11,12]

Low avidity of introduced TCR Reduce N-glycosylation

of TCR chains [74]

Promotes preferential pairing of
introduced TCR-0f chains [13].
Forms a disulphide bridge resulting in
increased quantity of transduced
TCR-0f} pairs and percentage of

matched chains [11,19,53]

Replacing human TCR C domains with
murine domains which bind to CD3
with higher affinity without affecting
transduced TCR specificity [11,12,72]

Murine and human TCR persist for
equivalent time [15]

Exclusion of cryptic splice sites and
mRNA instability motifs from the
transduced TCR increases efficacy and
expression [12]

Removal of certain motifs in C regions
results in increased avidity, cytokine
secretion and cytolytic activity.
Increased binding with pMHC [74]

Cysteine-TCRs show stronger
binding than normal, but no
correlation with increased
function [71]

Murine sequence potentially
immunogenic unless TCR is
murinized only at essential C
region residues. Lys18 and
Ala22 are crucial for superior
TCR function [73]

Process alters gene sequence and
gives possibility of
immunogenicity [19]

Regulation of N-glycosylation is
thought to vary according to
the differentiation state of the
T cell [74]

pMHC, peptide-bound major histocompatibility complex; TCR, T cell receptor.

such as single or dual TCR vectors, with and without indi-
vidual promoters (reviewed by Uckert and Schumacher
[19]).

However, introduced TCRs can often be ineffective in vivo
due to factors such as low expression [12]. TCR-of8 chains
pair in the most favourable combination, and hence TCR cell
surface expression is controlled by the presence of both
endogenous and introduced TCRs, so efficiency is irrespec-
tive of whether the TCR is endogenous or introduced [20].
Many of the problems with TCR gene transfer have promis-
ing solutions, which are outlined in Table 1. A study by Hart
et al. [21] demonstrated that the expression and efficacy of
‘weak’ TCRs can be improved using a combination of
murinization, linking with amino acid sequence and codon
optimization, highlighting the important advancements
made in this field. Mispairing of transferred TCR with
endogenous TCR has been shown to lead to potentially lethal
autoreactivity [22]. Although advances in research in this
area (addressed in Table 1) have produced methods to opti-
mize TCR transfer techniques, other approaches have also
been adopted by researchers interested in generating more
powerful T cell responses to cancer.

The issue of on-target toxicity remains a major problem.
The potential to eradicate sizeable, established tumours will
be dependent upon ensuring that the adoptively transferred
T cells possess optimal potency for antigen. However, where
this antigen is not tumour-specific and is expressed on
healthy tissue, albeit at lower absolute levels than on the
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tumour, then there are clearly issues with on-target toxicity.
Understanding the balance between optimal redirected T cell
function (TCR affinity, level of expression, vector optimiza-
tion) against toxicity is clearly important for the future
widespread application of this approach.

Chimeric antigen receptors (CAR)

CAR utilize a different approach to generate a redirected T
cell, where the introduced TCR gene is generally replaced by
a multi-component construct, generated normally (but not
exclusively) using the antigen-binding domains from the
variable regions of a TAA-specific monoclonal antibody
(ScFv) linked to T cell signalling domains, as shown in Fig. 1.
CAR have an advantage over TCR gene transfer in that they
are not MHC-restricted and do not need to be HLA-matched
to the patient, producing an anti-tumour response even
when tumour cell MHC molecules have been down-

regulated [4].

The scFv is linked generally to the transmembrane
domain via an extracellular linker domain such as the immu-
noglobulin (Ig)G Fc hinge region or extracellular CD8
section. These domains may enhance flexibility and dimer-
ization of the receptor [23-25]. There is some evidence that
these domains can engage other cells such as macrophages or

natural killer (NK) cells by binding via the Fc receptor
leading to a proinflammatory response irrespective of CAR
binding, although this can be minimized by modifying the
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Fig. 1. Representation of a conventional T cell receptor in comparison
with a basic chimeric antigen receptor (CAR). The CAR is composed
of linked V chains from a tumour-associated antigen (TAA)-specific
monoclonal antibody, bound to a spacer arm from the hinge region

of immunoglobulin (Ig)G or from the CD8 receptor. This then attaches
to a CD28 transmembrane domain (TM) [23-25]. The cytoplasmic
domain is composed of the CD3-( signalling element, although other
elements may also be included, such as CD28 and 4-1BB motifs which
give improved activation and survival [23-25].

constant domain of the Fc region [25,26]. However, there is
also evidence to suggest that the position of the targeted
epitope relative to the target cell membrane is important
with a flexible extracellular spacer region on the CAR
required for targeting epitopes buried close to the
membrane. Often, no spacer is required for CAR targeting
epitopes at the distal regions of cell surface proteins [27].
Additionally, a flexible elongated hinge region may be nec-
essary to overcome the steric inhibition imposed by large
tumour antigens [28]. Consequently, the optimal arrange-
ment of scFv and extracellular spacer still requires a degree of
empirical testing.

First-generation CAR incorporated a single signalling
domain which most commonly used the intracytoplasmic
domain of CD3{. T cells armed with this CAR demon-
strated redirected effector function against target cells
expressing the antigen of choice. While T cells armed with
these basic receptors can function effectively in vivo to
prevent the growth of tumours in models, they fail to
persist in the long term [29].

The modular system of engineering CAR lends itself to
incorporating multiple signalling domains. Improvements
in signalling, proliferation and survival were observed when
the cytoplasmic CD3( element was coupled with a CD28
signalling domain [30]. These so-called second-generation
CAR demonstrated the benefits of combining signalling ele-
ments to harness both activation and co-stimulation
mechanisms. The CD28 domain also confers resistance to
regulatory cells often found in the cancer microenvironment
[31].

CAR optimal co-stimulation requires sequential ligation
of CD28 followed by another signal such as OX40 (CD134
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co-stimulatory receptor on APCs) [24]. CAR using OX40,
inducible co-stimulator (ICOS) or more recently triple
fusion receptors with three signalling motifs have been pro-
duced [24,32]. Once the efficacy of compound signalling
motifs was understood, new third-generation CAR were
developed utilizing multiple pathways. For example, the
introduction of 4-1BB (CD137) domains enhanced CAR-
transduced T cell survival and function by inducing produc-
tion of the anti-apoptotic protein Bcl-x [33]. The order in
which the signalling moieties are placed in sequence has also
been shown to have an impact on CAR function. Recent
studies indicate that CAR using the CD3( transmembrane
domain are incorporated into the host T cell TCR/CD3
complex which is important for optimal function of the
CD3Z CAR [29]. However, the CD28 co-stimulatory domain
does not function effectively when placed downstream of the
CD3( transmembrane domain [30,34]. Thus, these findings
indicate that all aspects of the CAR require more detailed
examination. Multiple formats of CAR signalling domain
have been published, each showing potential advantages over
competitors in vitro and in vivo. However, as yet no single
CAR has been accepted universally as being the ‘optimal’
configuration, with most research groups (somewhat under-
standably) using their own preferred CAR. The major issue is
that for clinical application there is no standard accepted
CAR configuration, making it difficult to compare the results
effectively from the wide number of currently ongoing
clinical trials.

None the less, recent exciting clinical studies have indi-
cated the potential of CAR T cells. Three patients with
chronic lymphocytic leukaemia treated with CD19/4-1BB/
CD3{ CAR T cells had strong anti-tumour responses and
encouraging in vivo expansion of the CAR T cells [35]. In
another trial a single patient with follicular lymphoma
demonstrated tumour regression after treatment with
CD19/CD28/CD3{ CAR T cells with a long (39-week) per-
sistence of CAR T cells post-adoptive transfer [36]. Results
from a third, much larger trial have recently been published
outlining the safety and persistence of second-generation
CAR in patients with relapsed B cell leukaemias, and dem-
onstrated clear trafficking of CAR T cells to tumour sites
[37].

While there are several trials currently under way in
centres around the world targeting B cell malignancies
through the CD19 receptor, the clinical investigation of CAR
targeting non-B cell tumours is less advanced. T cells
engrafted with a first-generation CAR specific for the alpha
folate receptor on ovarian tumours cells failed to persist in
five patients and showed no positive clinical effect [38].
Several other studies targeting antigens expressed by solid
tumours such as CEA are under way. However, a single
patient treated with a Her2/neu-specific CAR with a CD28-
CD3{ signalling domain died as a result of on-target toxicity,
resulting in a cytokine storm and subsequent organ failure
[39]. On-target toxicity was also observed in a European trial
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employing a CAR specific for carbonic anhydrase IX with the
suggestion that bile duct cells were targeted by the CAR,
leading to symptoms of jaundice and altered liver function
[40]. In this case, systemic steroid treatment resolved the
symptoms, due probably to eradication of the gene-modified
T cells.

The utilization of these CAR-based T cell therapies in
clinical trial provides some encouragement in terms of early
observations of clinical responses. However, as with TCR-
based T cell therapy, there are some warnings of the potency
of the CAR T cell with on-target toxicities being observed in
certain situations. With the development of more potent
signalling domains to drive CAR T cell function, ensuring
that toxicity is controlled will be a major clinical objective for
the foreseeable future.

Bi-functional T cells

Both TCR and CAR have been transferred to naive T cells
to drive targeting of TAA-specific cells, producing tumour-
specific redirected T cells. More recently populations of T
cells with predefined antigen specificity have been consid-
ered for use. TAA-specific TCRs or CAR can be transferred
into T cells already targeted against common and persistent
viruses such as cytomegalovirus (CMV) or Epstein—Barr
virus (EBV) to create bi-functional T cells with specificities
for both virus and tumour (Fig. 2) [41,42]. It is believed
that the endogenous TCR will recognize viral antigens fre-
quently in vivo resulting in proliferation and cytotoxic
activity via both receptors which will help to maintain both
function and persistence [26]. It has been shown that it is
far easier to reach the threshold required for effective T cell
responses through the endogenous TCR than it is for
the introduced TCR, which highlights the advantage of

Endogenous 4
EB virus-specific &
TCR
TAA-specific
transduced
TCR 3
TAA-specific
CAR

0

Virus

L]

we =&t

Fig. 2. Bi-functional T cells can be generated by (1) isolating donor

TAA+tumour cells

virus-specific T cells then (2) expanding them in vitro [41]. These T
cells can then be (3) transduced either with tumour-specific T cell
receptors (TCRs) or chimeric antigen receptor (CAR), expanded and
returned to the donor [41]. The endogenous TCR recognition of
virus via antigen-presenting cells (APC) maintains survival and (4)
enhances anti-tumour activity of the transduced T cells [41,42].
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bi-functional T cells compared to other engineered T cells
[26].

Although virus-specific T cells may be relatively rare in
immunocompetent donors, efforts have focused on methods
for selecting these cells directly from donor blood [43]. It is
possible that CTLs specific for multiple latent viruses could
also be isolated from a single patient, increasing the cost-
effectiveness of this procedure [43,44]. The diverse TCR
repertoire present in peripheral blood mononuclear cells
(PBMC) increases the likelihood of TCR dimers with
unknown specificity being formed; there is also a possibility
of transduction into regulatory T cells (T.), potentially
inhibiting the tumour-specific immune response [42]. This
can be overcome by not only excluding T, but also selecting
for latent virus-specific CD8 T cells which have maximal
TCR expression and restricted TCR usage [42,45].

Bi-functional T cells are capable of maintaining an anti-
tumour response to a TAA even when the antigen is down-
regulated in the tumour environment [46]; the support from
virus antigen-presenting cells sustains the proliferation,
survival and function of the bi-functional cells through
the endogenous TCR [12,45,47,48]. Surface expression of
transduced TCR or CAR can reduce over time, but in
bi-functional T cells exposure to latent viruses maintains the
strong, sustained T cell response. This can be driven by the
fact that, even in asymptomatic infected individuals, up to
2% of T cells can be virus-specific [12,48].

The first successful demonstration of bi-functional T cells
being used to mount an immune response against a TAA was
shown by Murphy et al. in 2007 using T cells specific for both
influenza and the melanoma TAA Erbb2 [47]. In 2008 Pule
et al. reported that bi-functional T cells offered improved
therapeutic potential by demonstrating that EBV-specific T
cells transduced with a first-generation GD2 CAR (a gly-
colipid TAA associated with neuroblastoma) persisted longer
in vivo than poly-specific T cells transduced with the same
CAR. These bi-functional T cells also mediated tumour
necrosis or regression (one complete remission) and on
re-isolation ex vivo were able to be re-expanded in vitro with
EBV-specific B cell lines for up to 6 months after transfer
[49]. The antigen GD2 is also expressed on central nervous
system (CNS) tissues, including neurones, and the fact
that toxicity was not observed in this study suggests
that bi-functional T cells may respond to tumour and
normal cells differently [48,49]. Also noted was the lack of
bi-functional T cells in areas of tumour regression, suggest-
ing that these cells may function mainly at the start of an
immune response to recruit other cells to the area which
themselves facilitate tumour regression [48,49].

The use of bi-functional T cells as tumour therapy confers
additional protection benefits. During immunosuppression
following patient conditioning, latent viruses may recru-
desce, causing severe disease or death. Bi-functional T cells
‘kill two birds with one stone’ as constant stimulation of
the endogenous virus-specific TCR mediates an immune
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response to both virus and tumour [29]. This has been dem-
onstrated in varicella zoster virus (VZV)-specific transduced
cells which recognize and eradicate tumour cells while pre-
venting VZV reactivation in immunosuppressed patients
[50].

Important considerations for generating
redirected-specificity T cells

Antigen choice

In the optimal situation, the target antigen is tumour-
specific with no significant expression on normal tissues.
Fusion proteins (such as bcr-abl) and altered tumour-
specific proteins [such as mucin 1 (MUC-1)] may be
examples of such targets, and indeed MUC-1 has been tar-
geted with both CAR and TCR transfer [13,28]. However,
these target antigens are relatively rare, and in most cases
may be patient-specific, ruling out the possibility of using
generic targeting receptors for therapy. Most of the current
defined tumour antigens are TAA which have reduced or
organ-specific expression in normal healthy tissue. Targeting
of this healthy tissue has already raised on-target toxicity
issues, as described from TCR and CAR clinical trials above.
Understanding the rules that control targeted T cell toxicity
to the tumour while sparing normal tissue is a central issue
for the development of this approach. However, several
further issues relate to the choice of target. For the CAR
approach, the target antigen must be expressed on the cell
surface so that it can be accessed by the scFv moiety. It is no
accident that B cell lymphoma has been the target of choice
for a number of current CAR T cell trials. B cells reside in
the same anatomical location as T cells and express a number
of receptors that facilitate T cell function such as
co-stimulatory receptor ligands. In order to access antigens
associated with solid cancers, gene-modified T cells need to
traffic to the tumour site and overcome both physical barri-
ers and a highly immunosuppressive micro-environment.
Lack of co-stimulatory ligands on, for example, epithelial
tumour target cells means that it will not provide the
required signals to mediate effective T cell function, while
the heterogeneity of target antigen expression on the tumour
could mean incomplete T cell activation and reduced thera-
peutic activity. This heterogeneity of TAA expression is also
problematic for dual-specificity T cells [51]. In the face of
these issues, it is easy to imagine that more potent receptors
to drive gene-modified T cell function would be required in
the harsh setting of the solid tumour. However, this raises the
possibility of unwanted auto-toxicity. The development of
more sophisticated animal models that can permit the explo-
ration of these issues is becoming of increasing importance.

T cell type

Although the chosen tumour antigen is vital to the effec-
tiveness of the redirected-specificity therapy, the role of
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the T cell carrying the effector receptors cannot be
underestimated. Significant study has gone into assessing
which T cell subset represents the most effective for the
generation of redirected-specificity T cells.

The majority of the published redirected or bi-functional
T cell studies utilize CD8 T cells as CD8 populations are
reduced significantly in many cancer patients. These intro-
duced T cells can induce patient CD8 T cells to switch to
CTLs of the same specificity as the transduced TCR [52].
This also requires transduction of CD4 T cells, as they
provide help in the form of co-stimulation and are required
for effective CD8 responses and memory formation [53].

Less differentiated T cells are preferred for use in adoptive
transfer as both T cell survival and tumour regression cor-
relates with the longer telomeres found in early differentia-
tion T cells [54,55]. Another rationale for using naive cells is
shown by the expression of KLRG1 (a marker of lower pro-
liferative potential due to defective Akt phosphorylation),
which is expressed in effector memory T cells in vitro and in
vivo but not in naive T cells [56]. However, a recent study
assessing bi-specific T cell function in three different T cell
populations (EBV-specific CTL, cytokine-induced killer T
cells and gamma-—delta T cells) showed no difference in func-
tional capability [57]. Therefore, it suggests that further
research is required to identify the optimal cell population
for generating dual-specificity T cells.

Vector

The effectiveness of the transfected T cell relies on the effi-
ciency with which the target T cells can be transduced with the
TAA-specific TCR or CAR, and this depends entirely on the
vector. The ideal transduction vector should have high effi-
ciency resulting in stable expression of the introduced TCR or
CAR; it is also preferable to have a low number of integra-
tions to prevent inappropriate gene insertion and potential
mutagenesis in the host genome [19]. Ideally, the vector
would permanently integrate the TCR/CAR into the cells,
although methods investigating the use of transient CAR
expression through mRNA transfer have been proposed [58].
The different vector options are outlined in Table 2, with a
number of these methods still undergoing clinical trials.

Conditioning

Once the chosen T cells have been transduced successfully,
they need to be expanded and then transfused back into
the recipient. The transfer is usually preceded by intensive
chemotherapy known as conditioning. This functions to
‘make space’ for the newly administered cells by reducing
the number of host lymphocytes (including T.) which
compete with the newly transferred cells for homeostatic
cytokines [23]. The transfused redirected or bi-functional T
cell numbers should increase rapidly in the patient through
homeostatic expansion via IL-7 and IL-15 [23], although this
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Table 2. Vector options for generating bi-functional T cells.

L. A. Marr et al.

Vector Method Advantages

Disadvantages

Transposon Non-viral

can introduce CAR/TCR genes into genome
SB-transduced cells show high gene expression,

Transposons such as the Sleeping Beauty (SB) system

Triggering (in vitro stimulation using anti-CD3/CD28)
is required prior to transduction which may affect
cell efficacy [77]

specific cytotoxicity, production of Th1 cytokines,

and mediate tumour reduction [75,76]
Simple and inexpensive, and does not require cell

Not yet tested clinically [76]

preactivation, reducing culture time [73,75]

Lentiviral Viral

vectors insertions and can carry a large payload [19]

Self-inactivating, with lower risk of damaging

Triggering may still be required to produce significant
levels of modified cells in some cases [19]

Permanently integrates into host genome and capable

of integrating into non-dividing cells [52]

Efficient, lowered culture time, requires only cytokines

(IL-15) post-transduction [78]

Transduced T cells are relatively undifferentiated, which

may lead to improved function in vivo [78]

Retroviruses Viral
(generally
for TCR
transfer)

genome [52]

may be useful for therapy [19]

Permanent gene expression due to integration into host

Tend to insert near transcription start sites, potentially
activating proto-oncogenes [52]

Self-inactivating vectors have been constructed and

Y-Retroviral vectors require triggering and expansion

with IL-2 [78]
Recombinant Viral
adenovirus
used in clinical trials
Selective integration is possible [52]

Can integrate into both dividing and non-dividing cells
Some successes with TCR transfer, and continue to be

Require receptor-mediated entry into cell. However,
T cells express low viral receptor levels — integration
may be blunted [52]

CAR, chimeric antigen receptor; IL, interleukin; TCR, T cell receptor; Thl, T helper type 1.

expansion may be compromised by high tumour burdens
[37]. The cytotoxic conditioning regimen has a dual func-
tion, in that it may also kill a proportion of the tumour cells,
releasing antigen and enhancing tumour recognition [59].
There is also evidence that irradiation enhances adhesion
molecule expression, facilitating movement of the TAA-
targeted T cells into tumour sites [59,60]. However, the con-
ditioning regimen may also pose a risk of morbidity or
mortality to the patient, so selective depletion of lympho-
cytes post-transfer may offer a safer option [23]. Other
options involve enhancing the responsiveness of the redi-
rected or bi-functional T cells to cytokines such as IL-7 or
IL-4, thereby promoting in vivo survival and expansion
[61,62].

Adapting redirected T cells to conditions
encountered in vivo

A key issue for the use of redirected T cells is the mainte-
nance of persistence and function against the target cancer.
Tumours harness several protective mechanisms to mini-
mize immune attack and subvert immune responses, and
supplemental methods have been investigated to enhance the
function of the introduced T cells.

Transfusion of redirected-specificity T cells is often
accompanied by administration of growth factors [such
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as granulocyte—-macrophage colony-stimulating factor
(GM-CSF)] and Toll-like receptor (TLR) agonists [such
as poly(I:C) or cytosine—guanine dinucleotide (CpG)] to
enhance immune stimulation and anti-tumour responses
[63]. Although interleukins such as IL-2 may be adminis-
tered following transfer to promote T cell proliferation, it has
severe side effects and conversely may also hamper effective
immune responses by expanding forkhead box protein 3
(FoxP3") T, [61,63]. There is some evidence that IL-15
(which expands CD4 and CD8 T cells) might be useful, as it
has similar properties to IL-2, but is less toxic and does not
induce T, proliferation [64]. However, IL-15 administration
may result in profound neutropenia and its use in an already
immunosuppressed patient would need to be considered
carefully [64].

A key issue with the use of tumour-specific adoptive T cell
therapy is how long the cells remain within the body. Persis-
tence may be enhanced by introducing TAA-specific TCR-0,3
genes into haematopoietic stem cells, which would result in
continuous production of the enhanced T cells through
homeostasis [59]. Although there has been some success
with this method, it is unclear whether the transduced cells
would persist following thymic education [59]. Another
issue is the potential for malignant transformation [65,66].

Introducing tumour-specificity into yd T cells represents
an intriguing possibility, as they have a known role in
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tumour immunosurveillance, are cytotoxic to many tumour
types and can effectively prime o3 T cells. The use of ¥0 T
cells also eliminates the risk of chain mispairing, as yd chains
would be unable to pair with the introduced TAA-specific o,
chains [67]. Evidence has shown that y3 T cells show clear
anti-tumour effects after transduction [57,67].

One issue that redirected or bi-specific T cells will face in
the patient is a profoundly immunosuppressive microenvi-
ronment around the tumour. Much of this is mediated
through release of TGF-B, which can attenuate T cell
function. It has been shown recently that EBV-specific CTLs
can be transduced with a retroviral vector carrying a domi-
nant negative TGF-f type II receptor (DNRII) which func-
tions to block the immunosuppressive effects of TGF-f3 while
retaining the killing ability of the transduced cell, resulting
in significant tumour regression [68]. However, TGF-f is
pleiotropic in function and is required for other aspects of
immune regulation, and although there are concerns that
the introduction of a DNRII would result in uncontrolled
immune responses, this has not been observed [68].

Another target receptor is the type I IL-13 receptor (IL-
13R02), which is overexpressed on the surface of a number
of solid tumours and tumour cell lines in vitro, including
ovarian and renal cell carcinoma. The receptor is generally
present at very low levels on normal tissues. In a rodent
model, vaccination with IL-13Ro2 DNA delayed tumour
growth due to a CTL response against IL-13Roi2, and cor-
relates have been seen in human tumours [69]. Therefore
blocking or targeting IL-13Roi2 may provide further
support to therapy using redirected or bi-specific T cells
[69].

Conclusion

Cancer is a major threat to health in the 21st century, and the
intense interest in harnessing immune mechanisms to
control disease has led to the development of promising
novel T cell therapies for treatment. These utilize the potent
cytotoxic and cytostatic functions of T cells, but improve
tumour targeting by transducing in receptors specific for
tumour antigens. One of the main limitations on the use
of redirected-specificity T cell therapy is the extensive
guanosine monophosphate (GMP)-level in vitro culture
required for transduction and expansion, which often results
in terminally differentiated cells with poor survival and
function in vivo [70]. There is also evidence that in culture
non-transduced cells may impact upon the function of the
transduced cells [12]. At present, the cost of redirected or
bi-functional T cell therapy is estimated to be approximately
$100 000 per patient, although it is thought that this could be
quite easily reduced to around $20 000, which would make it
competitive with other therapies [63]. The effectiveness of
redirected T cells as a cancer immunotherapy is evident from
the substantial tumour regression and even eradication seen
in animal models and preliminary clinical trials. In particu-
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lar, the use of bi-functional T cells allows the immune
response against a latent virus to be harnessed and redirected
against a defined TAA leading to a strong, sustained immune
response to the tumour. With the continuing clinical trials
and introduction of next-generation constructs, research
will hopefully lead to effective treatments. Addressing the
confounding issues discussed in this review should result in
improvements in efficacy to such a level that redirected or
bi-functional T cell therapies will become fully transferred
from the laboratory to the patient.

Acknowledgements

ARE is supported by a Program Grant from the Medical
Research Council held by Professor Gerry Graham. D.E.G.
is supported by funding from FP6 ATTACK and FP7
ATTRACT.

Disclosures

The authors have no conflict of interest to declare and have
no relevant financial interest in any institution or company
that might benefit from this publication.

References

1 World Health Organization (WHO). World Health Organization
Media Centre. 10 leading causes of death by broad income group.
Fact sheet 310 (updated June 2011). Available at: http://www.who.
int/mediacentre/factsheets/fs310/en/index.html (accessed August
2011).

2 Schreiber RD, Old LJ, Smyth M]J. Cancer immunoediting: integrat-
ing immunity’s role in cancer suppression and promotion. Science
2011; 331:1565-70.

3 Koebel CM, Vermi W, Swann JB et al. Adaptive immunity main-
tains occult cancer in an equilibrium state. Nat Immunol 2007;
450:903-8.

4 Okur FV, Brenner MK. Cellular immunotherapy of cancer.
Methods Mol Biol 2010; 651:319-45.

5 Rosenberg SA, Restifo NP, Yang JC, Morgan RA, Dudley ME. Adop-
tive cell transfer: a clinical path to effective cancer immunotherapy.
Nat Rev Cancer 2008; 8:299-308.

6 Rosenberg SA, Packard BS, Aebersold PM etal. Use of tumor-
infiltrating lymphocytes and IL-2 in the immunotherapy of
patients with metastatic melanoma. A preliminary report. N Engl J
Med 1988; 319:1676-80.

7 Dudley ME, Wunderlich JR, Yang JC et al. Adoptive cell transfer
therapy following non-myeloablative but lymphodepleting chemo-
therapy for the treatment of patients with refractory metastatic
melanoma. ] Clin Oncol 2005; 23:2346-57.

8 Morgan RA, Dudley ME, Wunderlich JR et al. Cancer regression
in patients after transfer of genetically engineered lymphocytes.
Science 2006; 314:126-9.

9 Murphy K, Travers P, Walport M. Janeway’s immunobiology, 7th
edn. New York: Garland Science, 2007:676.

10 Brenner MK, Heslop HE. Adoptive T cell therapy of cancer. Curr
Opin Immunol 2010; 22:251-7.

223

Clinical and Experimental Immunology © 2012 British Society for Immunology, Clinical and Experimental Immunology, 167: 216-225




1

—

12

13

14

15

16

17

18

19

20

2

—_

22

23

24

25

26

27

28

224

THE CLINIC REVIEW SERIES

Govers C, Sebestye’n Z, Coccoris M, Willemsen RA, Debets R. T cell
receptor gene therapy: strategies for optimizing transgenic TCR
pairing. Trends Mol Med 2010; 16:77-87.

Ochi T, Fujiwara H, Yasukawa M. Application of adoptive T-cell
therapy using tumor antigen-specific t-cell receptor gene transfer
for the treatment of human leukemia. ] Biomed Biotechnol 2010;
2010 (article ID 521248):1-11.

Chen X, Gao W, Gambotto A, Finn O]J. Lentiviral vectors encoding
human MUCI-specific, MHC-unrestricted single-chain TCR and
a fusion suicide gene: potential for universal and safe cancer
immunotherapy. Cancer Immunol Immunother 2009; 58:977-87.
Marcus A, Waks T, Eshhar Z. Redirected tumor-specific allogeneic
T cells for universal treatment of cancer. Blood 2011; 118:975-83.
Johnson LA, Morgan RA, Dudley ME et al. Gene therapy with
human and mouse T-cell receptors mediates cancer regression and
targets normal tissues expressing cognate antigen. Blood 2009;
114:535-46.

Robbins PF, Morgan RA, Feldman SA et al. Regression in patients
with metastatic synovial cell sarcoma and melanoma using geneti-
cally engineered lymphocytes reactive with NY-ESO-1. J Clin
Oncol 2011; 29:917-24.

Borbulevych EY, Santhanagopolan SM, Hossain M, Baker BM.
TCRs used in cancer gene therapy cross-react with MART-1/
Melan-A tumor antigens via distinct mechanisms. J Immunol
2011; 187:2453—-63.

Parkhurst MR, Yang JC, Langan RC etal. T cells targeting car-
cinoembryonic antigen can mediate regression of metastatic col-
orectal cancer but induce severe transient colitis. Mol Ther 2011;
19:620-6.

Uckert W, Schumacher TNM. TCR transgenes and transgene cas-
settes for TCR gene therapy: status in 2008. Cancer Immunol
Immunother 2009; 58:809-22.

Heemskerk MHM, Hagedoorn RS, van der Hoorn MAW] et al.
Efficiency of T-cell receptor expression in dual-specific T cells is
controlled by the intrinsic qualities of the TCR chains within the
TCR-CD3 complex. Blood 2006; 109:235-43.

Hart DP, Xue SA, Thomas S et al. Retroviral transfer of a dominant
TCR prevents surface expression of a large proportion of the
endogenous TCR repertoire in human T cells. Gene Ther 2008;
15:625-31.

Bendle GM, Linnemann C, Hooijkaas Al et al. Lethal graft-versus-
host disease in mouse models of T cell receptor gene therapy. Nat
Med 2010; 16:565-70.

Westwood JA, Kershaw MH. Genetic redirection of T cells for
cancer therapy. ] Leukoc Biol 2009; 87:791-803.

Sadelain M, Brentjens R, Riviere I. The promise and potential pit-
falls of chimeric antigen receptors. Curr Opin Immunol 2009;
21:215-23.

Riddell SR, Protzer U. Carving the CAR. Gene Ther 2010;
17:1191-2.

Hombach A, Hombach AA, Abken H. Adoptive immunotherapy
with genetically engineered T cells: modification of the IgG1 Fc
‘spacer’ domain in the extracellular moiety of chimeric antigen
receptors avoids ‘off-target’ activation and unintended initiation of
an innate immune response. Gene Ther 2010; 17:1206-13.

Guest RD, Hawkins RE, Kirillova N et al. The role of extracellular
spacer regions in the optimal design of chimeric immune receptors:
evaluation of four different scFvs and antigens. ] Immunother
2005; 28:203-11.

Wilkie S, Picco G, Foster ] et al. Retargeting of human T cells to

29

30

3

—

32

33

34

35

36

37

38

39

40

4

—_

42

43

44

L. A. Marr et al.

tumor-associated MUCI: the evolution of a chimeric antigen
receptor. ] Immunol 2008; 180:4901-9.

Bridgeman ]S, Hawkins RE, Hombach AA, Abken H, Gilham DE.
Building better chimeric antigen receptors for adoptive T cell
therapy. Curr Gene Ther 2010; 10:77-90.

Finney HM, Lawson AD, Bebbington CR, Weir AN. Chimeric
receptors providing both primary and costimulatory signaling in T
cells from a single gene product. ] Immunol 1998; 161:2791-7.
Loskog A, Giandomenico V, Rossig C, Pule M, Brenner MK. Addi-
tion of the CD28 signalling domain to chimeric T-cell receptors
enhances chimeric T-cell resistance to T regulatory cells. Leukemia
20065 20:1819-28.

Pule MA, Straathof KC, Dotti G, Heslop HE, Rooney CM, Brenner
MK. A chimeric T cell antigen receptor that augments cytokine
release and supports clonal expansion of primary human T cells.
Mol Ther 2005; 12:933—41.

Zhao Y, Wang QJ, Yang S et al. A Herceptin-based chimeric antigen
receptor with modified signalling domains leads to enhanced
survival of transduced T lymphocytes and antitumor activity.
J Immunol 2009; 183:5563-74.

Mabher J, Brentjens RJ, Gunset G, Riviére I, Sadelain M. Human
T-lymphocyte cytotoxicity and proliferation directed by a single
chimeric TCR/CD28 receptor. Nat Biotechnol 2002; 20:70-5.
Kalos M, Levine BL, Porter DL et al. T cells with chimeric antigen
receptors have potent antitumor effects and can establish memory
in patients with advanced leukemia. Sci Transl Med 2011; 3:95ra73.
Kochenderfer JN, Wilson WH, Janik JE etal. Eradication of
B-lineage cells and regression of lymphoma in a patient treated
with autologous T cells genetically engineered to recognize CD19.
Blood 2010; 116:4099-102.

Brentjens RJ, Riviere I, Park JH et al. Safety and persistence of
adoptively transferred autologous CD19-targeted T cells in patients
with relapsed or chemotherapy refractory B-cell leukemias. Blood
2011; 118:4817-28.

Kershaw MH, Westwood JA, Parker LL et al. A phase I study on
adoptive immunotherapy using gene-modified T cells for ovarian
cancer. Clin Cancer Res 2006; 12:6106-15.

Morgan RA, Yang JC, Kitano M, Dudley ME, Laurencot CM,
Rosenberg SA. Case report of a serious adverse event following the
administration of T cells transduced with a chimeric antigen recep-
tor recognizing ERBB2. Mol Ther 2010; 18:843-51.

Lamers CH, Sleijfer S, Vulto AG et al. Treatment of metastatic renal
cell carcinoma with autologous T-lymphocytes genetically retar-
geted against carbonic anhydrase IX: first clinical experience. J Clin
Oncol 2006; 24:20-2.

Rossig C, Bollard CM, Nuchtern JG, Rooney CM, Brenner MK.
Epstein—Barr virus-specific human T lymphocytes expressing
antitumor chimeric T-cell receptors: potential for improved
immunotherapy. Blood 2009; 99:2009-16.

Van Loenen MM, Hagedoorn RS, Kester MGD et al. Kinetic pres-
ervation of dual-specificity of co-programmed minor histocom-
patibility antigen-reactive virus-specific T cells. Cancer Res 2009;
69:2034—41.

Hanley PJ, Cruz CRY, Savoldo B et al. Functionally active virus-
specific T cells that target CMV, adenovirus and EBV can be
expanded from naive T-cell populations in cord blood and will
target a range of viral epitopes. Blood 2009; 114:1958-67.

Berger C, Turtle CJ, Jensen MC, Riddell SR. Adoptive transfer of
virus-specific and tumor-specific T cell immunity. Curr Opin
Immunol 2009; 21:224-32.

© 2012 The Authors

Clinical and Experimental Immunology © 2012 British Society for Immunology, Clinical and Experimental Immunology, 167: 216-225



Redirected T cells for cancer therapy

45

46

47

48

49

50

5

—

52

53

54

55

56

57

58

59

60

6

—

Langerman A, Callender GG, Nishimura MI. Retroviral transduc-
tion of peptide stimulated T cells can generate dual T cell receptor-
expressing (bifunctional) T cells reactive with two defined antigens.
J Transl Med 2004; 2:42-50.

Ahmed N, Salsman VS, Yvon E et al. Inmunotherapy for osteosa-
rcoma: genetic modification of T cells overcomes low levels of
tumor antigen expression. Mol Ther 2009; 17:1779-87.

Murphy A, Westwood JA, Brown LE ef al. Antitumor activity of
dual-specific T cells and influenza virus. Cancer Gene Ther 2007;
14:499-508.

O’Reilly RJ. Epstein—Barr virus sustains tumor killers. Nat Med
2008; 14:1148-50.

Pule MA, Savoldo B, Myers GD et al. Virus-specific T cells engi-
neered to co-express tumor specific receptors: persistence and anti-
tumor activity in individuals with neuroblastoma. Nat Med 2008;
14:1264-70.

Landmeier S, Altvater B, Pscherer S efal. Gene-engineered
varicella-zoster virus-reactive CD4+ cytotoxic T cells exert tumor-
specific effector function. Cancer Res 2007; 67:8335-43.

Theoret MR, Cohen CJ, Nahvi AV et al. Relationship of p53 over-
expression on cancers and recognition by anti-p53 T cell receptor-
transduced T cells. Hum Gene Ther 2008; 19:1219-31.

June CH, Blazar BR, Riley JL. Engineering lymphocyte subsets:
tools, trials and tribulations. Nat Rev 2009; 9:704—16.

Cohen CJ, Li YF, El-Gamil M, Robbins PF, Rosenberg SA, Morgan
RA. Enhanced antitumor activity of T cells engineered to express
T-cell receptors with a second disulfide bond. Cancer Res 2007;
67:3898-903.

Hinrichs CS, Gattinoni L, Restifo NP. Programming CD8+ T cells
for effective immunotherapy. Curr Opin Immunol 2006; 18:363—
70.

Berger C, Jensen MC, Lansdorp PM, Gough M, Elliot C, Riddell SR.
Adoptive transfer of effector CD8+ T cells derived from central
memory cells establishes persistent T cell memory in primates.
] Clin Invest 2008; 118:294-305.

Hinrichs CS, Borman ZA, Cassard L et al. Adoptively transferred
effector cells derived from naive rather than central memory CD8
T cells mediate superior antitumor immunity. Proc Natl Acad Sci U
S A 2009; 106:17469-74.

Pizzitola I, Agostoni V, Cribioli E et al. In vitro comparison of three
different chimeric receptor-modified effector T-cell populations
for leukemia cell therapy. ] Immunother 2010; 34:469-79.
Birkholz K, Hombach A, Krug C et al. Transfer of mRNA encoding
recombinant immunoreceptors reprograms CD4+ and CD8+ T
cells for the use in adoptive immunotherapy of cancer. Gene Ther
2009; 16:596—604.

Kammertoens T, Blankenstein T. Making and circumventing toler-
ance to cancer. Eur ] Immunol 2009; 39:2345-53.

Quezada SA, Peggs KS, Simpson TR, Shen Y, Littman DR, Allison
JP. Limited tumor infiltration by activated T effector cells restricts
the therapeutic activity of regulatory T cell depletion against estab-
lished melanoma. ] Exp Med 2008; 205:2125-38.

Vera JF, Hoyos V, Savoldo B et al. Genetic manipulation of tumor-
specific cytotoxic T lymphocytes to restore responsiveness to IL-7.
Mol Ther 2009; 17:880-8.

© 2012 The Authors
Clinical and Experimental Immunology © 2012 British Society for Immunology, Clinical and Experimental Immunology, 167: 216-225

62

63

64

65

66

67

68

69

70

7

—_

72

73

74

75

76

77

78

IMMUNOLOGY IN THE CLI

Wilkie S, Burbridge SE, Chiapero-Stanke L et al. Selective expansion
of chimeric antigen receptor-targeted T-cells with potent effector
function using interleukin-4. J Biol Chem 2010; 285:25538—44.
Westwood JA, Berry L], Wang LX] et al. Enhancing adoptive immu-
notherapy of cancer. Expert Opin Biol Ther 2010; 10:531-45.
Berger C, Berger M, Hackman RC et al. Safety and immunologic
effects of IL-15 administration in nonhuman primates. Blood
2009; 114:2417-26.

Xue S, Gillmore R, Downs A et al. Exploiting T cell receptor
genes for cancer immunotherapy. Clin Exp Immunol 2004;
139:167-72.

Hacein-Bey-Abina S, von Kalle C, Schmidt M, Le Deist F. A
serious adverse event after successful gene therapy for X-linked
severe combined immunodeficiency. N Engl ] Med 2003;
348:255-6.

Rischer M, Pscherer S, Duwe S, Vormoor J, Jiirgens H, Rossig C.
Human gammadelta T cells as mediators of chimaeric-receptor
redirected anti-tumour immunity. Br ] Haematol 2004; 126:583—
92.

Foster AE, Dotti G, Lu A et al. Antitumor activity of EBV-specific T
lymphocytes transduced with a dominant negative TGF-P receptor.
J Immunother 2008; 31:500-5.

Joshi BH, Puri RK. IL-13ralpha2: a novel target for cancer therapy.
Immunotherapy 2009; 1:321-7.

Rasmussen A, Borelli G, Hoel H]J et al. Ex vivo expansion protocol
for human tumor specific T cells for adoptive T cell therapy.
J Immunol Methods 2010; 355:52—-60.

Thomas S, Xue S, Cesco-Gaspere M et al. Targeting the Wilms
tumor antigen 1 by TCR gene transfer: TCR variants improve tet-
ramer binding but not the function of gene modified human T
cells. ] Immunol 2007; 179:5803-10.

Cohen CC, Zhao Y, Zheng Z, Rosenberg SA, Morgan RA. Enhanced
antitumor activity of murine-human hybrid T-cell receptor (TCR)
in human lymphocytes is associated with improved pairing and
TCR/CD3 stability. Cancer Res 2006; 66:8878—86.

Bialer G, Horovitz-Fried M, Ya’acobi S, Morgan RA, Cohen CJ.
Selected murine residues endow human TCR with enhanced tumor
recognition. ] Immunol 2010; 184:6232-41.

Kuball J, Hauptrock B, Malina V etal. Increasing functional
avidity of TCR-redirected T cells by removing defined N
-glycosylation sites in the TCR constant domain. ] Exp Med 2009;
206:463-75.

Huang X, Guo H, Kang ] etal. Sleeping Beauty transposon-
mediated engineering of human primary T cells for therapy of
CD19+ lymphoid malignancies. Mol Ther 2008; 16:580-9.

Singh H, Manuri PR, Olivares S et al. Redirecting specificity of
T-cell populations for CD19 using the Sleeping Beauty system.
Cancer Res 2008; 68:2961-71.

Li Y, Kurlander RJ. Comparison of anti-CD3 and anti-CD28-
coated beads with soluble anti-CD3 for expanding human T cells:
differing impact on CD8 T cell phenotype and responsiveness to
restimulation. ] Transl Med 2010; 8:104—19.

Perro M, Tsang J, Xue S-A et al. Generation of multi-functional
antigen-specific human T-cells by lentiviral TCR gene transfer.
Gene Ther 2010; 17:721-32.

225



